Abstract Taenia solium was declared potentially eradicable by the International Task Force for Disease Eradication in 1992. Yet, very few well-designed community-based randomized controlled trials have been conducted to measure the effectiveness of alternative control strategies. Most strategies have been tested in pre-post intervention designs in very few communities, often without a control group. The only two community-based randomized controlled trials suggest that an educational program alone or a combination of human and porcine mass treatment reduce porcine cysticercosis in the short-term. A transmission dynamics model suggests that improved sanitation and pig management are more effective and sustainable than pig vaccination, or human or porcine mass treatment. Current evidence does not support the eradication of T. solium in the foreseeable future. Investigators should follow international recommendations on the conduct of community-based randomized control trials to provide more valid estimates of the effect and cost effectiveness of alternative control strategies for cysticercosis.
Introduction
The International Task Force for Disease Eradication (ITFDE) of the World Health Organization (WHO) declared Taenia solium as being potentially eradicable in 1992 [1] . In 2013, the ITFDE re-emphasized their opinion that T. solium should be considered eradicable, with the most effective method to interrupt the life cycle being improvement of human sanitation and hygiene, combined with surveillance of porcine infection through tongue inspection [2••] . Many others have made recommendations on the best approaches to control cysticercosis [3] [4] [5] [6] , but these are not based on evidence arising from well-designed community-based randomized controlled trials, despite the call for such studies by the ITFDE [2••] . In addition, no cost-effectiveness or cost-benefit analyses have been conducted to compare alternative control strategies for the simultaneous control of porcine and human cysticercosis [2••] . This article is a review of evidence from published community-based trials that used at least a pre-post intervention design to estimate the effect of at least one control strategy on the community-level frequency of porcine or human cysticercosis, neurocysticercosis, or human taeniasis.
How to Break the Taenia solium Life Cycle
When discussing alternative control measures for cysticercosis, it is essential to understand the life cycle of T. solium and how different types of interventions may break that cycle (Fig. 1) . Briefly, humans serve as the definitive host, usually harboring one adult hermaphrodite parasite in their intestine, a condition called taeniasis. When humans with taeniasis defecate in the environment, they may shed up to five parasite segments per day, each containing tens of thousands of eggs [7, 8] .
Interventions that stop the eggs from reaching the environment include the use and proper maintenance of latrines or treatment of taeniasis cases with praziquantel or niclosamide, followed by safe disposal of feces after treatment. Very little is known about factors that affect the survival of the eggs in the environment. In one experimental study, exposure to very high temperatures achieved 100 % inactivation of T. solium eggs, and acid pH combined with dryer environments increased inactivation [9] . This suggests that eggs are likely to survive for months in an alkaline soil in humid environments. Pigs are the only intermediate hosts for T. solium. In areas where they are traditionally raised and left roaming, they eat human feces or food contaminated with T. solium eggs. Even penned pigs may have access to infectious eggs, when fed with contaminated food or when directly fed human feces, as reported in some endemic communities [10] [11] [12] . Interventions focusing on improved pig management practices aim at reducing access to human feces by pigs. Vaccines aim at protecting pigs from acquiring the infection when exposed to the eggs. Once ingested, the egg releases an embryo or oncosphere, which migrates primarily to the muscles where it matures into a larval stage named metacestode (commonly referred to as cysticercus). Cysticerci establish as cysts 10-12 weeks after ingestion. When humans consume undercooked infected pork meat, they develop taeniasis, and after about 2 months, worms produce eggs that are passed with feces, thus completing the cycle. Treatment of pigs, appropriate meat inspection, and sufficient cooking of pork meat are alternative strategies to stop humans from consuming contaminated meat. The public health burden of T. solium lies in the infection of humans with the larval stages, a condition called cysticercosis. Humans may develop cysticercosis when eating food contaminated with the eggs present in the environment, through autoinfection if they have taeniasis, or through direct contact with a carrier. In addition to proper use of latrines and treatment of human taeniasis carriers mentioned above, proper hand washing and food hygiene can prevent humans from acquiring cysticercosis. When the larva(e) lodge in the central nervous system, neurocysticercosis develops. Neurocysticercosis is very pleomorphic in its manifestations but seizures and epilepsy, severe chronic headaches, and focal deficits have been shown to be the most common among symptomatic cases [13] .
Literature Search Method and Findings
A search of MEDLINE using the Mesh terms "taenia solium" or "cysticercosis" and publication type "randomized controlled trial" returned 48 hits. The search did not restrict for date or language. When the keyword "community" was added, only three articles remained, among which only one Fig. 1 Life cycle of Taenia solium cysticercosis and possible interventions for control. X denotes areas where the life cycle may be interrupted was a community-based randomized controlled trial, which was conducted in Tanzania [14] . Given these search results, we kept the mesh terms and combined them with the keywords (control OR intervention OR treatment OR vaccination OR trial) AND (community OR village* OR municipality OR household OR farm). This resulted in 163 articles, of which ten reported on original studies assessing the effect of some intervention implemented at the community level on the frequency of porcine or human cysticercosis, neurocysticercosis, or human taeniasis [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . We also identified several documents on cysticercosis control, including guidelines [3, 4] , book chapters [6] , and review or opinion papers [5, 24] . The review of these resulted in identifying two additional articles [25, 26] . We also found a review paper on control strategies reported in the Chinese literature [28] , but it included too few details regarding methods to be included in this review. Finally, a Mexican study published after we had conducted our literature search was also included [27] .
In this article we review and critique these studies according to the interventions being evaluated. Tables 1, 2, 3, and 4 describe and provide a summary of biases of studies focusing on a human outcome (Tables 1 and 3 ) and a pig outcome (Tables 2 and 4) , respectively, to assess the effect of the intervention. None of the interventions solely targeting pigs (treatment or vaccine) assessed the effectiveness of the control strategy on human outcomes.
Effectiveness of Mass Drug Administration of Antiparasitics to Humans as the Sole Intervention
Both praziquantel and niclosamide are on the WHO essential drugs list [29] . The effect of mass drug administration (MDA) of praziquantel or niclosamide on reducing the prevalence of taeniasis and human or porcine cysticercosis has been evaluated in three community-based studies in Guatemala [17] and Mexico [15, 16] . Yet, no randomized clinical trials estimating the efficacy of these drugs to treat taeniasis could be found in MEDLINE. It may be that the absence of a gold standard to diagnose taeniasis makes it difficult to know who is infected, leading to a challenge in assessing efficacy. An estimated efficacy of 77.9 % (95 % CI 66.7-86.2) of niclosamide is probably the best available [30] . According to a review [31] , the efficacy of praziquantel (5 mg/kg) ranges between 67 and 94 %, while a dose of 10 mg/kg would be 100 % efficacious, but the assessment of taeniasis in these studies was problematic. The three reviewed community-based studies used a prepost intervention prevalence comparison design without a control group or randomization and were conducted in one [15, 16] and two villages [17] . While the authors suggested that MDA could reduce taeniasis and cysticercosis in the short-or long-term, only one study used a 42-month followup [16] . Taeniasis was measured with coproscopy and coproantigen [32] tests in two studies [16, 17] , while only coproscopy, which has low sensitivity to detect T. solium [33] , was used in the remaining study [15] . The presence of antibodies to T. solium antigens, as suggestive of human cysticercosis, was m easured by enzyme-linked immunoelectrotransfer blot (EITB) [34] in one study [16] and by enzyme-linked immunosorbent assay (ELISA) [35] , which has poor specificity and mediocre sensitivity [36] , in another [15] . Two studies [16, 17] used EITB [34] to determine antibody seroprevalence for porcine cysticercosis. All studies found a reduction in taeniasis prevalence in the shortterm, although it was not always statistically significant, with prevalence proportion ratios (PPRs) of 0.47 (95 % CI 0.20-1.11) after 6 months [16] , 0.28 (95 % CI 0.15-0.53) after 10 months [17] , and 0 (95 % CI undefined) after 12 months [15] . In the longer term, a PPR of 0.44 (95 % CI 0.13-1.47) after 42 months was obtained, but this study used data in which 83 % of the study population pre-treatment was lost to follow-up [16] . When only those followed up for 42 months were included, a reduction in prevalence was observed, but there was insufficient information to estimate a PPR. The PPR of human cysticercosis could be estimated at 1.77 (95 % CI 1.38-2.29) 6 months post-MDA, at 0.39 (95 % CI 0.17-0.88) at 42 months using the EITB [16] , and at 0.65 (95 % CI 0.39-1.10) at 12 months using the antibody-detecting ELISA test [15] . The authors could not provide a reasonable explanation for the increase in human seroprevalence after 6 months, which was also observed when only including those followed up for 42 months [16] . No such increase was observed in the seroprevalence of porcine cysticercosis. Indeed, the PPR of MDA on porcine cysticercosis could be estimated at 0.46 (95 % CI 0.21-1.04) after 6 months, 0.13 (95 % CI 0.09-0.20) after 10 months, and 0.70 (95 % CI 0.32-1.53) after 42 months [16, 17] . One important limitation of the study by Allan et al. [17] is that sampled pigs were considerably younger post-intervention, introducing a considerable confounding bias that could increase the magnitude of the effect.
To summarize, although these studies suggest some effect of MDA on taeniasis and cysticercosis, they all present important biases, most of which are summarized in the last section of this review. Another important limitation is the lack of assessment of the effect of repeated MDA. In conclusion, given the poorly designed nature of the studies, we have very little scientific evidence to support that community-based MDA is sufficient to generate an effective control of T. solium.
Effectiveness of Mass Drug Administration of Anti-Parasitic Treatment to Pigs as the Sole Intervention
We were unable to identify studies where anti-parasitic MDA to pigs was the sole intervention implemented at the AbELISA enzyme-linked immunosorbent assay to detect antibodies to Taenia solium, EITB enzyme-linked immunoelectrotransfer blot assay to detect antibodies to T. solium, KAP knowledge, attitudes, and practices, MDA mass drug administration AbELISA enzyme-linked immunosorbent assay to detect antibodies to Taenia solium, AgELISA enzyme-linked immunosorbent assay to detect antigens to T. solium, EITB enzyme-linked immunoelectrotransfer blot assay to detect antibodies to T. solium, MDA mass drug administration [38] . Although they have limitations, these studies suggest oxfendazole (30 mg/kg) to be the most effective drug to treat cysts in pig muscles, but less so in pig brains [37, 38] . We could only identify one randomized controlled trial estimating the effectiveness of oxfendazole in field conditions [39] . In this trial, 216 piglets aged 4 months were blockrandomized (blocked by litter) to receive one dose of oxfendazole (30 mg/kg) at 4 months (one piglet per litter), two doses at 4 and 9 months (one piglet per litter), or serve as controls (two piglets per litter). Oxfendazole reduced the incidence rate of infection, especially at older ages. Unfortunately, inappropriate statistical analyses were applied by ignoring the block randomization and clustering and using a logistic regression to analyze a common outcome [40] . This resulted in overestimating the magnitude and precision of the treatment effect. In addition, several piglets were lost to follow-up. If the reason for the loss was linked to the outcome in only one group, this could introduce a selection bias, the direction of which is difficult to predict. Acknowledging these limitations, one can conclude that oxfendazole is likely to reduce porcine cysticercosis, but to a lesser magnitude than was reported [39] .
To summarize, despite abundant literature on the efficacy of anti-parasitic treatments for porcine cysticercosis, we were unable to find studies assessing the effectiveness of community-based delivery of porcine MDA alone on cysticercosis.
Effectiveness of Pig Vaccination Alone
Three major vaccines have been assessed in field studies, namely: (1) a vaccine using crude antigen extracts collected from metacestodes of infected pigs developed by the Molinari group [41] ; (2) a recombinant oncosphere antigen-based TSOL16 or TSOL18 vaccine developed by the Lightowlers group [42] ; and (3) a peptide-based S3PVac developed by the Sciutto group [43] . While TSOL18 has been tested for its effectiveness in field-based randomized controlled trials in Peru (with TSOL16) [44] and Cameroon [45] , no implementation or measure at the community level has been assessed. The effect of both S3PVac [26] and the crude extract vaccine [22] have been assessed using community-level outcomes in Mexico, but, unfortunately, both used the poorly accurate tongue examination method for diagnosing porcine cysticercosis, making the interpretation of the results extremely difficult. Indeed, considering that tongue inspection has sensitivity and specificity values of around 50 and 80 % [46] , EITB enzyme-linked immunoelectrotransfer blot assay to detect antibodies to Taenia solium, KAP knowledge, attitudes, and practices, NCC neurocysticercosis, PPR prevalence proportion ratio AgELISA enzyme-linked immunosorbent assay to detect antigens to Taenia solium, EITB enzyme-linked immunoelectrotransfer blot assay to detect antibodies to T. solium, GEE generalized estimating equations, IRR incidence rate ratio, OR odds ratio, PPR prevalence proportion ratio respectively, the direction of the bias is difficult to predict. This limitation is in addition to the lack randomization, control group, control for confounding, and possible selection bias. We can henceforth conclude that there is insufficient evidence to determine if porcine vaccination impacts the transmission of T. solium at the community level. Several controlled trials have been conducted in the field with pigs being randomized (usually within a same litter) to receive a vaccine or placebo, and the outcome measured by the number of cysts or viable cysts found at necropsy [43] [44] [45] 47] . Three doses of TSOL18 (at baseline, 4 weeks, and 4 months) in combination with oxfendazole at 4 weeks, compared with a treatment with oxfendazole at 4 weeks, was very effective at eliminating any cysts in the vaccinated group, while 19.6 % of the control group had muscle cysts (20 pigs with 3-37,080 cysts) [45] . In a similar trial, 137 pairs of piglets aged 2-4 months were randomized to receive either TSOL16-18 at baseline with a booster at 4 weeks combined with a swine classical fever vaccine or a swine classical vaccine only, and then necropsied 7 months later [44] . Of the 100 pairs necropsied, four had both piglets infected, 13 had control piglets infected and vaccinated piglets uninfected, and three had the vaccinated piglets infected and the control piglets uninfected. Most cysts found in the vaccination group were degenerated, in contrast to the viable cysts found in the control group. Both studies showed TSOL18 and TSOL16-18 to be effective vaccines at the pig level, as long as at least two doses with a 4-week interval were given. The S3PV vaccine also showed promising results [43, 47] . Muscle cysts were found in 7.5 % of piglets vaccinated with two doses of S3PV (at 60 and 90 days of age) and in 15.8 % of control piglets [43] . Despite these interesting results, the use of inappropriate statistical analyses makes the interpretation of the reduction in the number of cysts difficult. In another trial where 331 of 1,047 pigs randomized were autopsied, the odds of presenting cysts at necropsy was 2.3 (95 % CI 1.2-4.3) times higher in the control group than in the vaccinated group (two doses of S3PV at 3-4 and at 4-5 months of age), in a model including castration status and weight to adjust for factors associated with losses to follow-up. These randomized trials suggest that pig vaccination is effective at preventing infection, with TSOL16-18 appearing to show a higher efficacy than S3PV when two doses are used. However, the magnitude of the efficacy is difficult to assess with the data provided by the authors and the improper statistical analyses used in most cases. In addition, no evidence is available on the community-level effect of vaccinating pigs on human taeniasis and porcine and human cysticercosis. Pig vaccination remains problematic in terms of its sustainability in very poor areas where farmers cannot even afford to feed their pigs.
Effectiveness of a Combination of Mass Drug Delivery of Anti-Parasitic Treatments to Pigs and Humans
One pre-post community-based randomized controlled trial assessed the effectiveness of a program using MDA of oxfendazole (30 mg/kg, two rounds at an unspecified interval) to pigs and of praziquantel (5 mg/kg, one round, 75 % coverage) to humans [24] . The study divided nine endemic villages into 12 "treatment units" to increase the sample size, but, due to mistakes in implementation, seven units received the intervention, while five served as controls, with three villages being "split" into two units. In addition, one split village was missing baseline incidence rate estimates. The break in randomization resulted in an imbalance in the baseline prevalence of porcine cysticercosis, which may lead to an over-estimation of the intervention effectiveness. Similarly, the "split" strategy will likely result in contamination, leading to under-estimation of the effectiveness. The authors used a logistic regression to analyze incidence rate data, included each village as an independent factor, ignored clustering, and did not interpret the interaction term correctly. These improper analyses along with important issues with the study design make it impossible to accurately interpret the results of this study.
Effectiveness Of Educational Programs Alone
Education is recognized as an important tool in the control of cysticercosis [2] [3] [4] [5] [6] 24] . Three studies have assessed the effectiveness of education programs for pig farmers [14, 19] or the general population [18] on reducing human taeniasis [18] or porcine cysticercosis [14, 18] , or improving knowledge, attitudes, and practices [14, 18, 19] . In a pre-post prevalence comparison study conducted in one Mexican village [18] , an education program including the use of pamphlets, posters, and two videos designed following in-depth interviews led to a PPR of 0.64 (95 % CI 0.21-2.02) for taeniasis as measured by a copro-antigen assay 6 months post-intervention. This study suffers from the lack of a control group and randomization as well as a very high proportion of losses to follow-up.
The Mexican group also measured the change in porcine cysticercosis prevalence (194 at baseline and 165 at 6 months post-intervention) using EITB assay and obtained a PPR of 0.24 (95 % CI 0.05-1.06), but pig sampling was not described [18] . A much better designed community-based randomized controlled trial evaluating the effectiveness of a pig management educational program developed following a PRECEDE-PROCEED approach was conducted in 42 villages of northern Tanzania [9] . An incidence rate ratio of 0.57 (95 % CI 0.3-1.0) for porcine cysticercosis (measured with antigen-ELISA [48] adjusted for baseline prevalence of porcine cysticercosis) was obtained. Among all the papers reviewed, this is the only paper that followed the CONSORT guidelines to report results of community-based randomized controlled trials [49] . These authors are also the only ones to conduct a cost analysis, demonstrating that the education program was cost beneficial to pig farmers, with a net present value of US$3,507 (95 % CI 3,421-3,591) [50] . Nonetheless, this study suffers from two important limitations, namely a short median follow-up time (4 months) and a large proportion of losses to follow-up (52 %) resulting from a severe drought which forced farmers to sell or eat the pigs that they were given. This makes it impossible to assess the long-term impact of the intervention.
All three studies assessed the impact of their education program on knowledge, attitudes, and practices regarding cysticercosis [14, 18, 19] . The study in Kenya interviewed 296 pig farmers before and twice after receiving a workshop and one-to-one training using a train-the-trainer approach, but the number of farmers interviewed at each visit varied [19] . Only the Tanzanian study analyzed the data at the community level and was designed in such manner that the effect of monitoring alone could be determined [14] . Interestingly, monitoring alone had a strong effect on knowledge, meaning that farmers not living in intervention villages may have heard about it or that being given sentinel pigs made them improve their knowledge about cysticercosis. Since the Kenyan [19] and Mexican [18] studies did not have a control group, it is impossible to determine if the observed improvements in knowledge were due to monitoring alone. In Tanzania and Mexico, the only reported practices improved by the intervention were a reduction in eating contaminated pork and an increased practice of boiling drinking water [14, 18] . In Kenya, there was a tendency for improvement in the proportion of farmers keeping their pigs tethered 100 % of the time, but the results among those not lost to follow-up was inconclusive [19] . All of these studies suffer from a possible reporting bias for practices as research participants may report preferred behaviors instead of the truth, as noticed by Sarti et al. [18] .
To summarize, education alone seems to reduce the level of porcine cysticercosis at least in the short-term, but the impact on knowledge and practices is less certain. Endemic areas for cysticercosis are generally very poor, which limits the ability of farmers to restrict pigs from roaming, and also may limit the ability to maintain latrines. Access to water could also limit improvement in hand washing. This probably explains the general lack of improvement in practices. Nonetheless, the presence of a research team appears to improve knowledge, which could improve practices in the longer term, but this will require longer follow-ups to take place.
Effectiveness of Programs Combining Education Activities and Mass Drug Administration of Anti-Parasitic Treatments to Humans or Vaccination of Pigs
Two studies combined education with human MDA to control cysticercosis [20, 25] , while one combined education with porcine vaccination [27] . The first study was a pre-post proportion comparison study conducted in 18 villages in Salamá county (Honduras) that involved a very intense, multi-facetted intervention, spanning several years (see Table 1 ) [20] . The intervention was associated with a PPR of 0.38 (95 % CI 0.16-0.89) in the proportion of epilepsy cases showing lesions of neurocysticercosis [20] . In addition to being a non-randomized, uncontrolled pre-post comparison study, only new-onset seizure cases were included post-intervention (from 1997 to 2005), while all cases of active epilepsy were included at baseline. This would lead to a higher prevalence of neurocysticercosis at baseline due to old calcified lesions still causing seizures, over-estimating the effect of the intervention. The second study, undertaken in Ecuador, implemented a shorter but still intense intervention where, during door-todoor visits, leaflets on cysticercosis/taeniasis control, verbal health education, and an offer for treatment with praziquantel (5 mg/kg) were provided to all individuals living in one canton of Ecuador [25] . Taeniasis was measured by self-report of parasite expulsion, an extremely unreliable measurement tool, especially without the use of a purgation agent, in addition to the possible under-reporting at follow-up. This design flaw invalidates the observed reduction in the prevalence of human taeniasis. The effect on porcine cysticercosis was assessed through a vaguely described "careful inspection" of pigs after slaughter at the Canton's slaughterhouse. Since education may teach farmers to assess infection by looking under pigs' tongues, owners of infected pigs may have been less inclined to send them to the official slaughterhouse after the intervention, which also invalidates the observed reduction in the prevalence of porcine cysticercosis. The third study, conducted in three municipalities of Mexico, was a pre-post prevalence comparison evaluating the effect of vaccinating all pigs aged more than 2 months with S3Pvac at least three times, with an educational program including meetings and distribution of educational pamphlets and videos about T. solium (27) . The authors report a reduction in the prevalence using tongue inspection, ultrasound, and, to a lower extent, antibody-ELISA, but the study suffers from many biases making it difficult to interpret the results. The poor designs of these three studies make it impossible to draw firm conclusions on the effect of combined interventions on the control of cysticercosis.
Results from Theoretical Transmission Dynamics Models
In the absence of convincing evidence from field trials, transmission dynamics models can be helpful in ranking the relative effectiveness of control strategies while taking the dynamics of the infection as well as herd immunity into account. A study modeling the transmission dynamics of T. solium between pigs and humans suggests that the most sustainable intervention remains the improvement of sanitation and pig management practices, but the effect of such improvement would need to be considerable [51] . This model is limited by its lack of age structure, seasonality, and possible clustering of infection.
Epidemiological Methods Limitations of the Reviewed Studies and Conclusion
All of the articles reviewed aimed at reducing human cysticercosis or taeniasis [15-18, 20, 26] and all [16-18, 21, 22, 26-27] , except two [14, 23] , aimed at reducing porcine cysticercosis, lacked the use of randomization and of a control group, preventing control for confounding factors through study design or statistical methods. Randomization ensures that all confounding factors, measured or unmeasured, are well-balanced, preventing confounding bias. They are therefore susceptible to confounding bias, the direction and magnitude of which is difficult to predict. The use of a control group ensures that participation itself is not the cause of the change in the outcome over time. For instance, without a control group, any changes in environmental or behavioral factors over time may distort the true effectiveness of the intervention, leading to an overestimation of the effectiveness of the interventions. Indeed, improvement in education levels and pig management practices over time was acknowledged in one study [16] and the impact of monitoring (i.e., time) on knowledge was demonstrated in another [14] . The lack of a control group also prevents statistical adjustment for confounding. None of these studies, except for two [14, 23] , had a sample size large enough to generate statistical power and generalize the results, with one village or community included where very intense interventions were offered. Such approaches are unlikely to be sustainable when used in larger settings with limited resources. The study of a single community also limits the assessment of potential variability in the effectiveness of the intervention. In addition, except for three [14, 16, 23] , no study acknowledged the non-independence of individuals studied pre-and post-intervention, leading to the use of improper statistical analyses and biased results. The studies conducted in Tanzania [14] and Peru [23] remain the best available, but unfortunately did not report on the effect of the intervention on human taeniasis or cysticercosis, and also had some limitations.
We can conclude that there is insufficient evidence to suggest any community-based intervention to control human and porcine cysticercosis. Given this lack of evidence, it is very unlikely for the infection to be eradicated from poor endemic areas in the foreseeable future. Future studies should carefully follow recommendations provided in by Thompson and co-workers [52] for the conduct of community-based controlled randomized trials, as well as adhere to the CONSORT guidelines when reporting the results [49] . This will considerably improve the evidence on the effectiveness of alternative control strategies for T. solium at the community level and hopefully lead to the implementation of costeffective control strategies.
